Purpose The rabbit posterolateral intertransverse spine arthrodesis model has been widely used to evaluate spinal biologics. However, to date, the validity and reproducibility of performance of iliac crest bone graft, the most common and critical control group, has not been firmly established. We evaluated original research publications that utilized this model, identified which experimental conditions affected fusion rates, and developed an algorithm to predict fusion rates for future study designs. Methods A MEDLINE search was performed for publications through December, 2011 that utilized this model to evaluate fusion rates elicited by iliac crest autograft. All study parameters were recorded, and logistic regression analyses were performed to determine the effects of these variables on fusion rates as determined by either manual palpation or radiographs. Results Seventy studies with 959 rabbits in 102 groups met the inclusion criteria. Excluding studies that measured fusion at 4 or fewer weeks or intentionally tried to decrease the fusion rate, the overall fusion rate for autograft was 58.3 ± 16.3 % (mean ± SD) as determined by manual palpation and 66.4 ± 17.8 % by plain radiographs. Regression analysis demonstrated a difference between these outcome measures with a trend towards significance (p = 0.09). Longer time points and larger volumes of autograft resulted in significantly greater reported fusion rates (p \ 0.0001 and p \ 0.05, respectively). Neither strain, age, weight, nor vertebral level significantly affected fusion rates. Conclusions Although experimental conditions varied across studies, time point evaluation and autograft volume significantly affected fusion rates. Despite some variability demonstrated across certain studies, we demonstrated that when the time point and volume of autograft were controlled for, the iliac crest control group of the rabbit posterolateral spinal arthrodesis model is both reliable and predictably affected by different experimental conditions.
Introduction
Preclinical animal models play a critical role in the understanding of human disease processes and the development of new therapeutics. These models often allow insights into biologic processes and mechanisms of action, facilitate experimental manipulation, and are cost-effective relative to clinical studies. In the investigation of spinal fusion, numerous animal models have been utilized. Since the first report of a canine model in 1913 [1] , at least nine distinct mammalian models have been established to study spinal fusion [2, 3] .
The first successful spinal fusion in rabbits was documented by Ritsilä and Alhopuro [4] in 1975; however, its use was not popularized until after a lumbar intertransverse process technique was first published in 1995, where Boden et al. [5] noted key advantages of this model over others. First, the surgical technique closely approximated that used in human posterolateral fusions. Second, the intertransverse process healing environment provided a distinct area that improved histologic analysis and provided a reliable method of distinguishing fusion compared to other models. Last, published fusion rates with iliac crest bone graft (ICBG) in rabbits were similar to those observed in humans [5] . Subsequently, the rabbit has been the most widely used preclinical model for lumbar spine arthrodesis.
More recently, bone graft substitute technology has expanded the current clinical methods in spine surgery, often allowing prospects for minimally invasive procedures and obviating the morbidity of iliac crest autograft [6] . Rabbit studies utilizing biologics have routinely compared those fusion rates to that of autogenous ICBG, the historical gold standard. However, sufficiently powered animal control groups generally lead to prohibitive costs and subsequently, underpowered studies. A large, pooled historical control may ultimately reduce the required cohort size of such control groups, thereby improving the power and feasibility of such studies.
In addition to minimizing costs, a pooled control group may prove valuable for resource management in future preclinical studies. A recent movement to limit the unnecessary experimentation of animals has led to the ARRIVE guidelines [7] . With the ultimate goal of replacing, refining, or reducing (the ''3 R's'') the use of animals in research, the guidelines were established to improve the reporting and quality of animal research. The establishment of a historical control in this commonly utilized animal model would be one productive step towards potentially reducing the required sample size of such studies.
Historically, the reported fusion rates for autograft in the rabbit posterolateral spine model have varied significantly. Drespe et al. [2] noted that autograft fusion rates ranged from 42 to 73 %. This wide range could be attributed to a number of variables including volume of graft, surgical technique, and the method of assessment. In spite of this, the potential factors that might affect these rates have not been sufficiently evaluated.
Despite widespread use of the rabbit posterolateral spine arthrodesis model in the biologics field, the validity and reproducibility of performance of ICBG has not been established. Utilizing original research publications, this study aims to (1) evaluate the effects of experimental conditions on fusion rates with ICBG and (2) develop a model to serve as a historical control for future studies in this model.
Methods
Literature search and inclusion/exclusion criteria A MEDLINE search for publications through December 2011 was performed using Medical Subject Headings (MeSH) and keywords for ''spine fusion'', ''spinal fusion'', ''spine arthrodesis'', ''lumbar arthrodesis'', or ''lumbar fusion'' with ''rabbit''. Publications written in English that included one or more study groups that underwent a bilateral, single-level, lumbar posterolateral fusion with ICBG between transverse processes were included (Table 1) . Exclusion criteria included a unilateral or multilevel technique, allograft, autograft not harvested from iliac crests, instrumentation, or an adjunct product with autograft other than saline. A hand search of reference lists from obtained literature was also performed to identify further relevant articles. Each article was reviewed for inclusion in the study independently by two of the authors. If the two reviewers disagreed, the senior author determined final eligibility of the paper.
Independent variables
Studies that met the inclusion criteria were compiled with associated variables including sample size, strain, age, weight, sex, vertebral level, volume of autograft, and time point evaluation. The university/hospital where the study was performed was also recorded. For those studies with more than one group evaluating different experimental conditions, each study group was recorded separately. Animals that were operated at L3-L4 and L6-L7 came from one study each. Therefore, the fusion rates for rabbits that underwent fusion at only L4-L5 and L5-L6 were compared to avoid bias. Utilizing ratio calculations from three independent studies, when amount of autograft was reported in mass, a conversion ratio of 2 cm 3 /g was used [8] [9] [10] . When the age, weight, or volume of autograft was reported as a range, a mean was used. Two authors independently evaluated each study and recorded each variable. Any inconsistencies between the two were reconciled by the senior author.
Outcome measures
The primary outcome recorded was the fusion rate as determined by manual palpation. The secondary outcome was the fusion rate as determined by high-resolution anteroposterior plain radiographs. When radiographic fusion was assessed per intertransverse region rather than per animal, the number of unions and non-unions were divided in half in order to report the same n as number of animals in the study. For example, for the purposes of our study, an experiment with 16 animals that reported 20 of 32 regions fused by radiographs was interpreted to have a fusion rate of 10 out of 16 animals, or 62.5 % [11] . Among animal researchers in bone healing, unilateral fusion is thought in general to lead to successfully surgery. However, few studies reported results as no fusion, unilateral fusion, and bilateral fusion, and this method of standardization allowed data from studies that reported fusion rates by animal versus by side to be combined. This method of standardization is further considered in the ''Discussion'' section.
Statistical analysis
Statistical analysis was performed using Statistical Analysis System v. 9.2 (SAS Institute, Inc., Cary, NC, USA). Random-effects logistic regression modeling with PROC GLIMMIX (SAS v. 9.2) procedure was used to identify experimental conditions that were significantly associated with fusion rates. To evaluate correlated data nested by labs and studies, mixed models were utilized. Age and weight were assessed simultaneously due to the expected strong correlation between the two variables. Inter-and intra-laboratory reproducibility for those with five or more study groups was evaluated with regression analysis. PROC LOGISTICS (SAS v. 9.2) procedure was used to create a logistic equation that could predict fusion rates based on different variables. Only experimental conditions that significantly affected fusion rates were included in the equation. Statistical significance was accepted with a p value of less than 0.05.
Results
Of 209 studies initially identified, 120 did not meet the inclusion criteria, 17 did not report an extractable fusion rate by manual palpation or plain radiographs, and two contained redundant data ( Fig. 1) . A total of 70 studies met the inclusion criteria, with 959 rabbits in 102 separate ICBG study groups. Study population characteristics (Table 2 ) varied among study groups. Only two strains (New Zealand White and Japanese White) were used in the studies included. The majority of study groups were operated at L5-L6 (79 groups) although a number were operated at L4-L5 (23 groups). Notably, more than half of the studies failed to report the sex of rabbits used in the study, and accordingly, sex was not evaluated in the regression analyses. Of the 70 studies that met the inclusion criteria, the average number of study groups was 1.3 ± 0.9 (average ± SD), and each study group contained an average of 9.4 ± 5.6 rabbits. Average time point evaluation was 7.3 ± 3.5 weeks.
Successful lumbar fusion rates were assessed in 827 rabbits by manual palpation and 665 rabbits by radiographs (Table 3 ). Excluding study groups that either evaluated at time points when fusion was not expected) had the same By radiographic assessment (n = 508) 66.4 ± 17.8 fusion rates. After controlling for independent variables, fusion rates were slightly higher utilizing plain radiographs compared to manual palpation (p = 0.09). Independent variables which affected successful fusion rate included evaluation at a later time point (p \ 0.0001; Fig. 2 ) and a larger volume of autograft (p = 0.04; Fig. 3 ). When comparing the fusion rates by manual palpation, the mean for study groups with a time point of 4 weeks or fewer (17.9 ± 25.1 %) was statistically different from the mean for study groups with a time point of 5 weeks or more (58.3 ± 16.3 %, p \ 0.0001). However, age, strain, weight, and vertebral level had no significant effect on fusion rate (p = 0.22, p = 0.92, p = 0.22, and p = 0.68, respectively). Eight laboratories with five or more study groups were identified (Table 4 ). There was no significant difference in fusion rate among all eight labs when controlling for time point evaluation and volume of autograft (p [ 0.05). There were also no significant differences in fusion rates among study groups conducted by the same lab when controlling for independent variables (p [ 0.05).
Based on the compiled data in the studies that met the inclusion criteria, the following logistic equation was derived to predict fusion rate:
Independent variables included m for mode of assessment (0 for manual palpation and 1 for radiographs), t for time (in weeks), and v for volume of autograft (in cm   3 ). This equation was established with all available data including studies that utilized the paucity model and time points of 4 weeks or fewer (Figs. 2, 3 ). For any given mode of assessment, time and volume entered into the equation, the resulting expected fusion rate represents an average of all available data.
Discussion
Each year, over 400,000 spine fusions are performed in the United States [12] . Although iliac crest autograft has been the historical gold standard, complications including donor site morbidity and pseudarthrosis can occur. In the past two decades, a number of bone graft substitutes have been developed to avoid such complications. Preclinical research has allowed these experimental technologies to be compared with autograft in animal models. For lumbar fusion, the rabbit model has become an important investigational step along the path towards clinical implementation. Minimizing the sample size of animal control groups may ultimately improve the efficiency of such studies and limit unnecessary animal experimentation.
Utilizing data from 70 original research publications evaluating rabbit posterolateral lumbar fusion with autograft, time point evaluation and graft volume were found to significantly influence fusion rates while age, strain, weight, and vertebral level did not. Fusion rates determined by plain radiographs were higher than those by manual palpation, with a trend towards significance (p = 0.09). Notably, little intra-or inter-laboratory variability was seen. To our knowledge, this study is the first to systematically analyze the effects of experimental conditions and outcome measures on reported fusion rates in the rabbit spine fusion model with ICBG.
Based on the data reviewed in this study, we conclude that the ideal time point for lumbar fusion evaluation in this model is a minimum of 5 weeks postoperatively. When time point evaluation was 4 weeks or fewer, there were significantly lower fusion rates when compared to study groups with time points of 5 or more weeks. Studies investigating the inhibitory effects of adjunct compounds and other less robust bone graft substitutes may benefit from time points even later than 5 weeks. Ultimately, the optimal time point evaluation depends on a number of factors including the osteoinductive capacity of the bone graft substitute, the volume of autograft, and the study goals and hypothesis.
Several studies have shown that the quantity of autograft positively correlates with fusion rates [13, 14] . In fact, Curylo et al. [9] developed a ''bone paucity model'' in which an ''underdose'' of autograft was used. The aim of this study was to achieve a fusion rate of less than 40 % and then determine whether autologous bone marrow augmented arthrodesis. Other studies subsequently used this bone paucity model to provide a larger potential for improved fusion rates with a variety of bone graft substitutes [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . While our study found a significant positive relationship between volume of autograft and fusion rates, a tenfold range of volume of autograft (1.4-12 cm 3 ) was used in the studies evaluated. Although fusion rates varied significantly among studies using the same volume of autograft, based on the available data, using the most common volume of 4-5 cm 3 (per animal) leads to the most predictable results, while using significantly lower volumes can lead to inferior reliability.
Although there was no definitive association established between age or weight of rabbits and fusion rates, these variables have previously been suggested to affect arthrodesis [15] . Chen et al. [15] argued that the higher fusion rate seen in the younger rabbits utilized in their study might be attributed to a more vigorous healing response relative to older rabbits used in previous studies. Indeed, younger rabbits may have a higher capacity for spinal fusion since their skeletal systems are relatively immature, and ongoing bone remodeling could accelerate fusion. Likewise, in humans, significantly faster healing rates and lower nonunion rates have been noted in children compared to adults (Lindaman et al. [23] ). In this study, the age range of included rabbits was 7.2 (4.8-12.0) months, but no correlation between age and fusion rate was observed. In addition to age, obesity has been shown to be a risk factor for pseudarthrosis and other postoperative complications in humans [24, 25] . However, in this study, where the weight range of included rabbits was 2.5 (2.5-5.0) kg, no correlation was observed between weight and fusion rate.
It has been postulated that fusion rates at L6-L7 should be lower than L5-L6 due to the smaller transverse processes at L7 and its proximity to the sacrum [26] . However, the limited data in our study could not confirm or refute this hypothesis. In humans, the biomechanical properties of adjacent lower lumbar segments vary considerably [27] . For example, L5-S1 is deep-set within the pelvis and adjacent to a number of iliolumbar ligaments, which protect the joint from torsional strain but increase axial compression. On the other hand L4-L5 has a higher degree of axial torsion and, therefore, is a more common site for lumbar instability. While no other study to our knowledge has compared fusion rates in rabbits at different vertebral levels, varying biomechanical properties of adjacent vertebral levels may affect the capacity for fusion across joints.
Although no difference between male and female rabbits was expected, sex was not reported in more than half of the studies that met the inclusion criteria. Therefore, the effect of sex on fusion rates was not evaluated in this study. As such, all future studies that utilize this rabbit posterolateral spine fusion model should explicitly report all potential variables including strain, sex, age, weight, vertebral level, graft volume (per animal), and time point evaluation. Accurate measurement and reporting of these variables would provide stronger analysis and improve our understanding on which variables affect fusion rates.
Previous studies performed in humans have shown that radiographic assessment of fusion correlated poorly with the clinical gold standard of direct surgical exploration in the identification of arthrodesis [28] [29] [30] . Furthermore, Boden et al. [5] reported that radiographic assessment was noted to be incorrect in 13 of 24 (54 %) specimens when compared to manual palpation, the analysis that most closely replicates direct surgical exploration in rabbits. These investigators also demonstrated that evaluation of fusion by manual palpation correlated more closely with biomechanical test results than did radiographic evaluation [31] . This concept is also supported by data from other studies [21, [32] [33] [34] . Although some studies have suggested that radiographs underestimate the actual fusion rate [28, 35] , our results appear to support the notion that plain radiographic assessment of fusion can be an overestimation of actual fusion rates. Though alternative measures exist in the assessment of successful lumbar fusion, such as biomechanical testing, micro CT, or histology, relatively few studies have reported fusion rates evaluated using these methods. While a number of studies utilized micro CT for a number of purposes including bone volume quantification, only three studies reported an ICBG fusion rate assessed by this imaging technique.
There are a number of animal models used for the investigation of spine fusion. Small animal models, such as rats and rabbits, have the advantages of lower costs, ease of handling and housing, and shorter times to fusion due to their higher metabolic rate [2] . On the other hand, larger animals models tend to be higher phylogenetic species that better mimic human anatomy and allow similar surgical techniques that are used clinically. However, for the study of lumbar spine fusion, the rabbit posterolateral model provides as consistent a ICBG fusion rate as seen with autograft in humans, with the advantages associated with a smaller animal model. Notably, in the corresponding rat model, autograft results in poor fusion rates [36] , and low or highly variable autograft fusion rates are also seen in larger animals including dogs (0-100 %), goats (0-45 %), and non-human primates (0-33 %) [2] .
There are a number of limitations to this study. First, because experimental conditions were not reliably reported across all studies, missing data can lead to erroneous conclusions. Of the 70 studies that met the inclusion criteria, 4 (5.7 %) did not report volume, 5 (7.1 %) did not report the weight, 41 (58.6 %) did not report sex, and 49 (70 %) did not report age [5, 8, 10, 11, 13-22, 33-35, 37-88] . The lack of reliably reported data across all studies is an inherent limitation of systematic reviews. Second, in some studies, fusion was recorded differently depending on the mode of assessment. With manual palpation, successful fusion was always determined per animal; however, with plain radiographs, fusion was at times reported per side (2 per animal) with no mention of laterality. A study with 16 animals that reported 20 of 32 sides fused by radiographs could have had a per-animal-fusion-rate ranging from 62.5 (10 bilateral fusions and 6 pseudarthroses) to 100 % (12 unilateral and 4 bilateral fusions) [11] . For the purposes of this study, we chose to standardize animal fusion rate by dividing the total sides fused by a factor of 2 to include all relevant data. In addition, there was little risk of bias since none of the authors had a direct conflict of interest with the products tested or study design. Furthermore, no authors were involved in any of the studies reviewed or in any similar future study. 
Conclusions
The rabbit posterolateral spine arthrodesis model has been a popular, well-utilized pre-clinical model for the testing of bone graft substitutes. Despite some variability in fusion rates likely due to differences in study conditions, the data in this study suggest that a predictable result within a commonly accepted timeframe (5 weeks) with iliac crest autograft can be expected. As the external pressure mounts to conserve resources and design studies with conservation in mind, we hope that data from our study can help strategize the utilization of historical controls in future studies. 
